We conduct a detailed analysis of the seismic records for 406 marine earthquakes in SW offshore of Taiwan recorded by a small OBS array during 7 -12 October 2005. The spatial distribution of the events, which included a complete main shock-aftershock sequence, show concentration in a vertical chain reaching 40 km in depth and that the deeper events slightly turns to the NE toward the Taiwan island. We use these recorded data to construct a 1-D layered velocity model for the local lithosphere. The model puts the Moho at around 13 km in depth and plate seismogenic thickness at about 40 km for the studied area. Our observations reveal that the local seismogenic structure is consistent with the character of the oceanic-origin crust and a non-subducting related mechanism. We also examine the polarizations of P-, S-wave first arrivals and P-to-SV ratios in the waveform to obtain focal mechanism solutions for a total of 26 events. However, their solutions particularly show a non-unique deforming comportment for the strain releases, implying a strain rebound corresponding to the back-and-forth motion and also affected by the complexity of the pre-existing structure in the region.
INTRODUCTION
The island of Taiwan is remarkable in the sense that it is created by two subduction systems: the Ryukyu system to the northeast and the Manila system to the southwest ( Fig. 1) , both as portions of the plate boundaries joining the Philippine Sea plate and the Asian plate at the western border of the Circum-Pacific seismic belt. The Philippine Sea plate is moving toward the southeast Asian plate at relative velocity of 82 mm yr -1 in the direction of 310° (Yu et al. 1997) . The deformation front is the western boundary of the thrust-and-fold belt and generally considered to connect the Manila trench in space. In comparison with the active Ryukyu subduction system, the subduction mechanism along the Manila trench approaching Taiwan is relatively inactive as its corresponding Wadati-Benioff zone is of less obvious feature than the Ryukyu subducting plate. The recent earthquake reports officially issued by Taiwan's Central Weather Bureau (CWB) also show a sparse seismicity with few large earthquakes towards the northernmost end of the Manila trench -or the area SW offshore of Taiwan. However, the seismic observations in the southern Taiwan reveal a complex image for the Manila subduction system -a high velocity zone and concentrated seismicity at a depth of 15 -50 km beneath the Coastal Range and the Philippine Sea around the latitudes of 22°~23° (Tsai 1986; Rau and Wu 1995; Wang and Shin 1998) . This feature is the eastern part of the Manila subducting plate, resulting in an obscure seismotectonic regime of the Manila subduction system in southern Taiwan around the latitudes 21°~22°.
Another debate for the south offshore Taiwan concerns the oceanic-continental transition from the South China Sea (SCS) to the Southeast Asian continent. Formation of the SCS appears to be the cause of the opening introduced by the India-Asia collision (Tapponnier et al. 1982) , or alternatively that of the passive marginal subduction (e.g., Taylor and Hayes 1980; Rangin et al. 1999) , or some other schemes.
With the identification of magnetic lineation in the SCS basin, the extension of the SCS basin occurred during 32 to 15 Ma before present (magnetic anomaly C11 -C5c) (Taylor and Hayes 1980; Briais et al. 1993) , and the continent-ocean boundary (COB) reached the latitude of 19°N in SW off Taiwan. Recent studies with new magnetic and gravity surveys indicate that the COB for the SCS and the SE Asia could extend further to the north, reaching 20°N Wu et al. 2004 ) and the oldest age of SCS opening is about 37.8 Ma . Sibuet et al. (2004) further proposed that the continent-ocean transition of the northern SCS could extend toward northeast to lie under south Taiwan and the Philippine Sea plate. It appears that the local properties of the deep lithospherical mechanics at the SW off Taiwan play a key role in the issue of COB distribution, and furthermore, in constructing the plate deformation at the northernmost Manila subduction system.
For marine earthquakes, land seismic observations often suffer from lacking in azimuthal coverage and being far from the epicenter. Small-to-moderate foci are thus often missed. Recently, these problems have been remedied using ocean bottom seismometers (OBS). OBS is designed as a self contained data acquisition system which free falls to the ocean bottom and records ground motion generated by seismic sources. It lends aids to a variety of scientific investigations ranging from deep earth structure to surface geological processes.
In this study, we use data from a short-period array of seven Ocean-Bottom Seismometers (OBS) deployed in the SW offshore Taiwan during 7 -12 October 2005. The deploying area is set at the joint point of the SCS plate, the COB, and the Asian plate. In the five recording days, our small OBS array captured more than 400 distinct earthquakes within its range. Based on an inferred 1-D layered velocity model of the local lithosphere, we study the characteristics of the earthquakes in terms of the spatial and temporal distribution and their seismogenic setting (Figs. 1, 2) , which shows that the seismogenesis in the SW offshore Taiwan is more complex than thought before.
DATA
Named "MicrOBS", the OBSs are short-period devices newly developed by the Institut Français de recherche pour l'exploitation de la mer (ifremer) (Auffret et al. 2004 ). Logistically simple and inexpensive, the system is powered by a rechargeable LI ION pack battery which can function at sea bottom up to 5000 m of water in depth for up to two weeks (Auffret et al. 2004) . Typically, MicrOBS is designed for use in seismic refraction experiments; in this study we use it for detection of tectonic earthquakes.
There are four sensors with each MicrOBS: one hydrophone, one vertical geophone, and two horizontal geophones. The main electronic card consists of a 24-bit analog-to-digital convertor. The internal temperature-compensated crystal oscillator (TXCO) clock is accurate to 2 parts in 10 7 and tends to drift quite linearly at the nearly constant temperature on the seafloor. Time calibrations conducted before and after deployment with a Global Positioning System clock allow corrections to be made that result in accuracy of 1 part in 10 8 . Data are continuously stored in flashcard memory (in 2 Gb). Certain factors about the OBS are considered in comparison with the seismograms acquired from onland seismic sensors: (i) The background noise on the sea bottom tends to be higher, while the shape of the noise spectrum is skewed to the low frequencies below 0.1 Hz (Webb 1998; Pulliam et al. 2003) . For the same reason, there presumably should be a higher seismicity rate than actually detected by OBS instruments. (ii) Identifying seismic phases is somewhat more difficult for OBSs. This is because of the relatively weak coupling of the instrument with the poorly consolidated, water-saturated sediment environment. (iii) The same factor above means a relatively higher damping of the seismic signals, strongly attenuating the amplitudes of higher frequencies.
(iv) As there is no device for determining the actual horizontal orientation of the OBS, directional adjustment has to be processed with the senses of signals. This calibration does not influence the P-, S-first-arrival picks for earthquake location but make possible the identification of polarized seismic phases in the subsequent analyses. The principle is to compare the real back-azimuth of station (BA) with the apparent back-azimuth (BA') seen from raw seismograms; the latter is evaluated by the nature of P-wave polarization through using the three-component vector ground motion and the fact that the P-wave motion is polarized in the vertical and radial plane. Figure 3 is an example of the polarization of the direct P-phase observed at Station OBS03. It is apparent that the P wave travels along the H2 direction, so that there is little motion in the H1 direction (Figs. 3a, c) . Figure 3b 
trates the spatial geometry of the earthquake and Station OBS03. The correcting angle for the two MicrOBS horizontal components to the geographical NS-EW directions can therefore be determined by the discrepancy between BA and BA' in this case. Table 1 lists the angles which were used to correct the component H1 (in the positive sense) to the geographic East, and H2 (in the positive sense) to the geographic North. Uncertainty of this estimation is generally less than 13 degrees.
The majority of the 406 earthquakes detected by our OBS array are of small-to-moderate magnitude, generally smaller than 3.0. The mainshock of the earthquake sequence mentioned above turns out to be magnitude 4.5, occurring on October 9. The magnitude is determined as follows. We adopt the definition of the local magnitude (M L ) to avoid the effect of high noise embedded within the OBS seismograms. Peak ground motion amplitude A defined as the geometrical mean of the two horizontal peak amplitudes (in units of count) in consideration of the attenuation with increasing epicentral distance, D (Gutenberg and Richter 1956 ). The empirical relationship between M L and D (in km) is:
Examples of event location are presented in Fig. 4 , by aligning the waveforms with their epicentral distances. Proper location leads to the timing of phase onset as a function of distance (Fig. 4) . The waveforms in Fig. 4 are non-scaled. The seismograms sometimes exhibiting a high noise or an abnormal damping were excluded from processing location (for instance, Stations OBS01 and OBS02 in Fig. 4c ). The repeated occurrences of earthquakes in a very short term (in 20 seconds) were detected within our OBS. In the windows of Figs. 4c and d, there are respectively 2 and 3 earthquakes which can be identified by their seismic onsets, and the recorded waveforms are similar for the near events along the time axis for each individual station, whose phases' travel times are consistent for all stations. We infer that there are sustained releases of seismic energy, which occur along the existing structural planes. As such a phenomenon of repeated occurrence of earthquake is frequently observed in our OBS seismograms, and sometimes the time intervals of the repeated occurrence can be less than 10 seconds (see Fig. 4d ).
SEISMIC PARAMETER ANALYSIS AND RESULTS
Prior to our installation of the OBS array, there were only some seismic profiles implemented by active sources to recover compressional wave velocity in the shallow layers at SW offshore Taiwan (e.g., Chen and Jaw 1996; Liu et al. 1997; Nakamura et al. 1998; McIntosh et al. 2005) . It is inadequate to construct seismic velocity reference for earthquake locationing. In this study, with a considerable number of local earthquake records, we can construct a 1-D layered velocity model for the area.
With only the arrival times of seismic onsets, it is a trade-off to derive the velocity structure and the earthquake hypocenter. The general approach is to iterate the process of accommodating velocity structure and re-determining earthquake location (Kissling et al. 1994 ). However, this iterative inversion approach does not guarantee convergence. Here we adopt the method of Pavlis and Booker (1980) which is able to simultaneously determine the velocity structure and earthquake hypocenters. We set the inversion of 1-D velocity model as a linear problem consisting of a continuous function and a set of discrete parameters. As the number of observed data is greater than the number of parameters, it is always possible to construct a set of kernel equations independent of the setting of discrete parameters. The separation of the continuous part from the discrete parameters model is natural to the inversion if the hypocenters are estimated initially by conventional least squares using travel times calculated from some initial velocity model. The kernel equations are a set of linear combinations of the residuals unbiased by that initial location, and as a result they can be determined by a Backus-Gilbert procedure (Backus and Gilbert 1970) . Our initial P-wave velocity model is based on that of CWB (Chen 1995) , and the initial S-wave velocity model is assumed by setting the V P /V S ratio to be 1.74. Technically, this 1-D model is a product of the averaged seismic effects at each preset layers. The final 1-D velocity model is reached by constraining the travel time residual to be less than 0.1 seconds for 90% of the events. Figure 5 illustrates our resultant velocity model, for which the zero level is set as the maximum bathymetry among the 7 OBS stations. Comparing to the other 1-D velocity models constructed by the reflection exploration at SW offshore Taiwan (e.g., Chen and Jaw 1996; McIntosh et al. 2005) , our result describes the P-and S-wave velocities down to the greater depth of around 60 km. Our result exhibits a remarkably low velocity in the surface layers, which is consistent with the model of Chen and Jaw (1996, which used 4 OBS receivers) but may be smeared in other seismic reflection experiments. We suspect that such a surface low velocity may be caused by unconsolidated sediments with large water content. For the deeper layers, said around 51 0 km, our resultant model has a faster P-wave velocity than the other models.
Upon closer examination of the velocity perturbation, our model reveals another relatively low velocity zone but a high V P /V S ratio (~1.9) at the depth around 2~4 km. This may be the influence of interbedded fluids or the other local effects. Particularly, it has been largely reported there exists an abundant gas hydrate depositing at SW offshore Taiwan (e.g., Chi et al. 1998; Shyu et al. 1998; Schnurle et al. 1999 ). Such a low velocity occurred at the shallow layers may be generated by the aggregation of methane gas, as identified by the BSR in the seismic profiles. Further down the seismic 
velocity increases rapidly, reaching 8 km sec -1 for P wave at the depth around 10 km. Taking into consideration of the critical velocity for compressional wave at the Moho, we identify the Moho boundary to be about 11~13 km in depth from the local sea bottom. Beneath Moho is a uniform mantle velocity till the depth around 30 km, where another sharp increasing of velocity is observed. However, this latter is less constrained because few signals come from such depth (see the histogram of earthquake depth in Fig. 5a ).
Our resultant 1-D model reveals a clear property of a crust of oceanic origin, with, in particular, the velocity structure of the crustal rock of layer 3 at the depths from 4 to 10 km. The pattern of the derived V P /V S ratio along the focal depth generally conforms to the oceanic characteristics (Fig. 5b) . A remarkably low V P /V S is observed at the depth around 5 km, separating the crust into two divisions corresponding to a high V P /V S (1.8~2.2) and a moderate V P /V S (1.76~1.79). The cause of this low V P /V S layer may be related to the change of lithologic composition within the crust, or the transition between the upper and lower crust. Another two notable low V P /V S layers are observed at the depths of 10 -11 km and 25 -28 km. The former may reflect the variance of mechanical properties near Moho. Otherwise, the V P /V S at the depths of 13~18 km below Moho has a value about 1.83, consistent with the general ratio of V P /V S for upper mantle (e.g., Nakajima et al. 2001) .
With a reliable layered velocity model, we can then refine the earthquake parameters. Ultimately after the relocation the travel-time residuals are within 0.3 seconds and generally less than 0.1 seconds. As Fig. 6 shows, the majority of the 406 recorded events concentrate at the shallow layers, largely around 5~7 km, and almost all the events occurred at a limited location forming a vertical chain at the spot of 20.5°latitude and 120.5°longitude, from 5 to 40 km in depth penetrating the whole lithosphere. Along the depth profiles in the EW and NS direction, it shows a northeast trend at the depth of 30 km (Figs. 6a, b) . It is worth noting here that exists a seismic gap at the depth around 10~13 km, which is that of the Moho revealed from the layered velocity model and may be related to the rheologic variance. The mainshock of this earthquake sequence is located within this earthquake swarm, with magnitude 4.5 and origin time at 21:05:15 9 October 2005. The bold gray line in Fig. 7 indicates the cumulative event number (scaled by the left Y-axis) along the time axis. The relationship of the focal depth of events (scaled by the right Y-axis) versus their origin times is also provided in Fig. 7 with black crosses. Timing of the mainshock occurrence is marked by a bold dash line. There is an apparent increase of earthquake number right after the mainshock. Prior to that, seismic activity is mainly bounded at the shallow layers within 10 km, but spreads in a wider range from 5 to 30 km afterwards in vertical direction. Previous studies on the subduction seismicity also reported the existence of the vertical delineation of aftershocks (a) (b) that is located at the top of the Wadati-Benioff zone or passes through the hypocenter of the main event (e.g., Hansen and Ratchkovsi 2001; Choy and Kirby 2004) . They inferred that intraslab earthquakes could have ruptured into the upper mantle of the subducting lithosphere or, alternatively, that it could stress the upper mantle sufficiently to induce secondary activities. In this study, however, no sufficient observations can distinctly link for the OBS detection with the consequent events. In terms of spatial distribution, our OBS array is not far from the 2006 Pingtung earthquake sequence. They might exhibit a tectonic coherence between the two earthquakes as being affected by a similar regional tectonic stress. Future study combining the OBS data with the CWB on-land records may resolve better the seismotectonics structure in the southern extreme of Taiwan.
FOCAL MECHANISM SOLUTIONS
Given a reasonably good station coverage for an earthquake in a region for which the velocity structure is well defined, together with well recorded impulsive P-wave first arrivals, one can get a reliable estimate for the fault-plane soluEarthquakes Detected by OBS Array SW Offshore Taiwan 723 
tion of the event. In this study, locations of the detected earthquakes lie within our OBS array with a good azimuthal coverage. As our station density is low, sometimes we have to introduce the amplitude ratio of SV to P in order to better constrain the attitude of the nodal planes in the stereographic statistics (Kisslinger et al. 1981 (Kisslinger et al. , 1982 Snoke et al. 1984; Snoke 2003) . The main program, Focmec, conducts an efficient, systematic search of the focal sphere and reports acceptable solutions even with few stations (Snoke et al. 1984; Snoke 2003) . Ultimately, we obtain robust focal mechanism solutions for 26 earthquakes in our OBS recordings, as marked by circles in Fig. 7 . Most of these solutions are from the shallow events taking place after the mainshock of October 9. Table 2 lists these solutions with index of their origin times, and Fig. 8 illustrates them in the lower hemispheric projection. The mainshock mentioned above is numbered as 7 within these earthquakes, which shows a strike-slip dominant rupture. Except for two solutions with a normal-faulting mechanism (Nos. 3, 12) , the deformation mechanism of these events is principally in oblique convergence combined with reverse and strike-slip motions. Only three events (Nos. 8, 10, and 14) happened deeper than 20 km. They have a typical strike-slip motion (Table 2 , Fig. 8 ), demonstrating a transient lateral faulting in the upper mantle for the local lithosphere. In contrast, the shallow earthquakes are dominated by reverse mechanisms, possibly caused by a convex slip along the up warp faulting plane extending from the deeper strike-slip rupture to the superficial reverse motion. If so, all the detected events may lie on a fault-plane in the NE-SW direction. However, the very limited spatial distribution of seismicity detected by the OBS array cannot provide more detailed information for the attitude of the rupture plane.
Another pattern worth noting is the inconsistency of the focal mechanism along the time sequence. It shows that the ruptures could be in a reverse sense among these events (Fig. 8) . This phenomenon is rare, but reported in other areas with shallow earthquakes, e.g., the shallow seismotectonics in the south Iceland (Einarsson et al. 1981; Angelier et al. 2004 Angelier et al. , 2007 , the micro-earthquakes in the eastern Egypt (Daggett et al. 1986; Badawy et al. 2008) , and so on. It suggests that the local effects, such as the elastic rebound, stress drop, material intrusion and maybe fluid migration, would cause temporal variances of the local stress/strain regime and therefore generate a large dispersion in the local focal mechanisms. This makes the mechanisms of rupture as functions of time and space (Angelier et al. 2007; Badawy et al. 2008) .
Thus, in our OBS observation we consider that the variance of the focal mechanism solutions conforms to the local settings of strain field, which characterizes a locally backand-forth rupture motion in a short term. The pre-existing structures at SW offshore Taiwan area may play an important role in this scenario.
DISCUSSIONS
Our OBS array observations and results above can be compared with simultaneous recording by the CWB onland network. Its station azimuthal coverage restricted only in the NE and being more distant, the CWB catalog contains only 27 events, a small subset of the 406 events. Figure 9 presents 11 such recorded events with magnitudes ranging from 2.8 to 4.9. The CWB's catalog shows a much more scattered pattern for the hypocentral locations relative to our OBS determination. It also tends to put the hypocenters at deeper depth and closer to the Taiwan island.
We further collect the P-, S-travel times (according to our OBS determination) of the 27 earthquakes recorded among some 65 land stations, and plot them with respect to their epicentral distance in Fig. 10 . The P-, S-arrival times for the near field at distance within~45 km are our OBS detections; those at the intermediate-to-far fields beyond 45 km are according to CWB. It is shown that the origin times derived by the OBS observations conform to the P-, S- travel times as a well-formed function of the epicentral distance, whether with the OBS or the CWB stations, implying that our earthquake locations are more reliable. Joining the marine and land observations can presumably reveal further structures from the sea to the continent. Examining the focal depth relative to the origin time, a general scenario of earthquake sequence emerges -firstly happening at shallow layers less than 10 km, and then extending to the depth until 40 km, which is consistent with the occurrence of the bigger, magnitude 4.5 earthquake on Oct 9. We tend to consider the background seismicity being basically at the shallow layers and rarely deeper except the larger earthquakes. There are only about 60 earthquakes in the CWB catalog from 1990 to 2005 with magnitude exceeding 4.0 for this area. Such a small number of larger earthquakes leads us to consider the vertical seismicity pattern revealed by the OBS observation may not be the basic background pattern of seismicity in this area.
The seismogenic character in the SW offshore Taiwan revealed by the OBS observation seems to have little relationship with the typical subduction system, even though the surface trace of the Manila trench can extend to this area. The trench morphology identified at the SW offshore Taiwan probably corresponds to the western front of the accretionary prism in southern Taiwan. The erosion of the deep marine canyons could sculpture the sea-bottom relief and link the morphologic connection of the accretionary prism with the tectonic trench. In contrast, the tectonic trenching by the plate subduction may have ended at the south of our studies area. How to clarify the transition from the active subduction to the trench ending awaits further study. 
